ABSTRACT
INTRODUCTION
Fully grown mouse oocytes are arrested in the prophase of the first meiotic division within the ovarian follicle. In vivo, resumption of meiosis in oocytes occurs in response to the preovulatory surge of gonadotropins, especially LH, whereas in vitro, simple removal of oocytes from their inhibitory environment induces spontaneous resumption of meiosis in several species [1, 2] . The mechanism by which oocytes are inhibited from resuming meiosis in the ovarian follicular environment is not known. The follicular fluid contains purines (e.g., hypoxanthine) that are considered to be important inhibitory substances of oocyte maturation, at least in rodent oocytes [3] [4] [5] . Gap junctions connecting the oocyte with the surrounding cumulus cells within the follicle allow the transfer of small molecules from somatic cells to the germ cell. The inhibitory action has been attributed to the follicular wall [6] , granulosa cells [7] , and theca cells [8, 9] , but the nature of the inhibitory mechanism has not yet been identified. Similarly, the mechanism by which the oocyte overcomes meiotic arrest is not well understood. Several authors have reported evidence that cumulus cells can produce a gonadotropin-dependent, positive stimulus to meiotic resumption [10] [11] [12] . In 1995, certain sterols capable of inducing meiotic resumption were identified within the preovulatory follicle [13] . Follicular fluid meiosis-activating sterol (FF-MAS), identical to the sterol isolated from human follicular fluid, can induce, in a dose-dependent manner, in vitro resumption of meiosis in denuded and cumulusenclosed mouse oocytes inhibited by hypoxanthine, 3-isobutyl-1-methylxanthine, or dibutyric cyclic AMP [14] . The origin of FF-MAS has not yet been established, but evidence suggests cumulus cells or follicle cells [11, 12] . In contrast to spontaneous in vitro meiotic resumption, FF-MAS-induced meiotic resumption in mouse oocytes is sensitive to cholera toxin [15] , suggesting a possible role of a trimeric guanine nucleotide-binding protein (G protein)-coupled receptor in the FF-MAS signaling. Furthermore, FF-MAS signaling requires de novo protein synthesis, in contrast to spontaneous resumption of meiosis [15] .
The second-messenger cAMP is involved in oocyte mei-otic resumption. Several agents, such as cAMP derivatives [16] and phosphodiesterase (PDE) inhibitors [17] , can modulate the intraoocyte cAMP level and, subsequently, meiotic resumption. The purine hypoxanthine is present at concentrations of 2-4 mM in mouse follicular fluid [4] , where it maintains oocytes in meiotic arrest by inhibition of cAMP-dependent PDE activity [17] . The PDEs constitute a large group of enzymes that belong to at least 10 gene families. Subtype 3 PDE (PDE3) and subtype 4 PDE (PDE4) are thought to be selectively expressed and regulated in the cumulus-oocyte complex (COC). Subtype 3 PDE is predominant in the oocyte, whereas PDE4 is expressed mainly in the granulosa cells. It has been suggested that meiotic resumption requires high cAMP levels in the granulosa cells and low or decreasing levels in the oocyte, and that such opposing levels of cAMP may result from the selective expression and regulation of these PDEs in the two compartments of the COC [18] . The resumption of meiotic maturation in oocytes involves changes in the phosphorylation state of a series of specific proteins with kinase and phosphatase activity [19] [20] [21] . Among these is the cytoplasmic factor, maturation-promoting factor (MPF), which leads to germinal vesicle (GV) breakdown (GVBD). The MPF is a heterodimer of a regulatory subunit, cyclin B, and a catalytic subunit, p34 cdc2 . Prophase-arrested mouse oocytes contain complexes of cyclin B and p34 cdc2 that can be activated by a dephosphorylation process, thereby probably triggering histone H1 kinase activity [22] . Also, mos and enzymes of the mitogenactivated protein kinase (MAPK) family are involved in meiotic maturation of oocytes. The MAPK, also called extracellular regulated kinase (ERK), is a serine/threonine kinase activated by the c-mos protooncogene protein kinase during mouse oocyte maturation [23, 24] .
The aim of this study was to examine the hypothesis that a differential signal transduction pathway exists for FF-MAS-induced versus spontaneous resumption of meiosis. The FF-MAS-induced and spontaneous in vitro meiotic resumption was monitored in denuded mouse oocytes as GVBD after exposure to a series of specific inhibitor compounds, and MAPK phosphorylation was assessed in FF-MAS-induced and spontaneous GVBD.
MATERIALS AND METHODS

Synthesis, Purification, and Identification of FF-MAS
The FF-MAS was synthesized by a medicinal chemistry route by the Department of Medicinal Chemistry, Novo Nordisk A/S, Denmark [25] .
Oocyte Collection and Culture
Oocytes were obtained from immature female mice (C57BL/6J ϫ DBA/2J F1; M&B, Ry, Denmark) weighing 11-17 g and kept under controlled temperature, light, and relative humidity. The mice were subjected to an i.p. injection of 0.2 ml of gonadotropins (Gonal F; Serono, Randolph, ME) containing 20 IU of FSH and were killed by cervical dislocation 48 h later. After removal of ovaries, oocytes were recovered in Petri dishes under a stereomicroscope into ␣-minimum essential medium (without ribonucleosides, cat. no. 22561; Gibco BRL, Grand Island, NY) supplemented with 3 mg/ml of human serum albumin (HSA; State Serum Institute, Copenhagen, Denmark), 0.23 mM sodium pyruvate (cat. no. S-8636, Sigma-Aldrich Ltd., Irvine, UK), 2 mM glutamine (cat. no. 16-801-49; ICN Biochemicals, Inc., Aurora, OH), 100 IU/ml of penicillin, and 100 g/ml of streptomycin (cat. no. 16-700-49; ICN Biochemicals) with 3 mM hypoxanthine (cat. no. H-9377; Sigma-Aldrich Chemie Gmbh, Steinheim, Germany). This medium was designated as Hx medium. The above-described medium without hypoxanthine was designated as Hx-free medium. The FF-MAS (NNC 54-0092, batch 18H; Novo Nordisk, Måløv, Denmark) was applied at a concentration of 5 or 10 M in Hx medium and designated as HxϩFF-MAS. For in vitro maturation, Hx medium, HxϩFF-MAS, and Hx-free medium were supplemented with 5 mg/ml of HSA. After mechanical removal of cumulus cells, approximately 300 oocytes from 14 to 16 mice each day were pooled together and washed three times. Denuded spherical oocytes of uniform size containing an intact GV were allocated to treatment groups and cultured in 400 l of medium in fourwell dishes (Nunclon, Roskilde, Denmark) at 37ЊC in 5% CO 2 in humidified air.
For immunoblotting, oocytes were collected in aliquots of 10 oocytes in 2-5 l of PBS. Control GV-stage oocytes were collected before onset of in vitro maturation. Denuded oocytes were allowed to mature spontaneously. After 90 min of culture in Hx-free medium, all GV-stage oocytes were isolated, and those oocytes undergoing GVBD within the next 30 min were either collected for analysis or cultured for 2 and 4 h post-GVBD stage and to the metaphase II stage, then collected for analysis. The FF-MAS-induced oocytes were collected in a different manner due to the protarded maturation kinetics of FF-MAS-induced meiotic resumption compared to those of spontaneous meiotic resumption [26] . Seven hours after onset of culture, GV oocytes were isolated, and from those oocytes going into GVBD within the next 120 min, samples of 10 oocytes were collected. The remaining GVBD oocytes were allowed to progress further in meiosis, and samples were collected 2 and 4 h after GVBD and at metaphase II. To evaluate possible differences in MAPK phosphorylation over time, samples of FF-MAS-maturing oocytes were collected as described above, but starting at 9 and 11 h after onset of culture. Furthermore, the following control oocytes were collected: GV-stage oocytes in Hx medium and GV-stage oocytes in HxϩFF-MAS at 8, 10, and 12 h.
GVBD Assay
The in vitro culture assay for resumption of meiosis was conducted as previously reported [14] . Briefly, progression of maturation after each treatment was assessed by the presence of GV or its absence (i.e., GVBD). The percentage of oocytes in a well that had undergone GVBD (%GVBD) was defined as the number of oocytes in GVBD stage divided by the total number of oocytes multiplied by 100 in that well. For in vitro maturation, Hx medium, HxϩFF-MAS, and Hx-free medium were supplemented with the respective inhibitor compounds, and approximately 40 oocytes were cultured in each replicate. The concentration of each inhibitor compound found to exert a differential inhibitory effect on spontaneous and FF-MASinduced resumption of meiosis was found in preliminary experiments.
Stock solutions of 8 mM cordycepin (cat. no. C-3394; Sigma-Aldrich Chemie Gmbh), 16 mM lovastatine (cat. no. 438185; Calbiochem-Novabiochem Corporation, La Jolla, CA), and 3 mM U-73122 (cat. no. 662035-S; Calbiochem-Novabiochem) were prepared in ethanol and diluted in Hx medium, HxϩFF-MAS, and Hx-free medium to final concentrations of 80 and 200 M. Stock solutions of 20 mM zaprinast (cat. no. Z-0878; SigmaAldrich Chemie Gmbh), 25 mM olomoucine (cat. no. 495620-S; Calbiochem-Novabiochem), 50 mM PD 98059 (cat. no. 513000-S; CalbiochemNovabiochem), 13 mM PP2 (cat. no. 529573; Calbiochem-Novabiochem), and 3 mM U-73343 (cat. no. 662041; Calbiochem-Novabiochem) were prepared in dimethyl sulfoxide (DMSO) and diluted in Hx medium, HxϩFF-MAS, and Hx-free medium to final concentrations of 50 M zaprinast, 250 M olomoucine, 50 M PD 98059, and 65 M PP2, respectively. Stock solutions of 16 mM dibutyryl cyclic GMP (dbcGMP) (cat. no. D-3510; Sigma-Aldrich Chemie Gmbh) and 1.0 mg/ml of pertussis toxin (cat. no. 516560; Calbiochem-Novabiochem) were prepared in distilled water and diluted to 320 M and 2.5 g/ml, respectively, in Hxfree medium and HxϩFF-MAS. Preincubation of oocytes involved 2 h (zaprinast, PD-98059, and PP2), 3 h (pertussis toxin), or 4 h (lovastatine and dbcGMP) of incubation in Hx medium containing the respective inhibitor before transfer into Hx-free medium or HxϩFF-MAS plus inhibitor. For each compound tested, control groups of approximately 40 oocytes were cultured in Hx-free medium, Hx medium, and HxϩFF-MAS under culture conditions identical to those in the treatment groups. Addition of ethanol, distilled water, or DMSO at the concentrations used in each experiment did not affect control groups.
Microinjection of the Catalytic Subunit of Protein Kinase A in Denuded Mouse Oocytes
The GV oocytes were microinjected with the catalytic subunit of cAMP-dependent protein kinase (PKA; Promega, Madison, WI) using a piezo-driven injection pipette. The catalytic subunit of PKA was diluted in a KH 2 PO 4 plus dithiothretol buffer. Each oocyte was injected with approximately 10 pl of a 0.22-0.66 U/l concentration of the catalytic subunit of PKA. Resumption of meiosis was triggered by transfer of the in-TABLE 1. Influence of selected inhibitory compounds on FF-MAS-induced and spontaneous meiotic resumption, respectively, in denuded mouse oocytes after 20-22 h of in vitro culture. 
SDS-PAGE and Immunoblotting
The previously described samples of oocytes were washed five times in PBS and stored immediately at Ϫ80ЊC until electrophoresis. The samples were lysed in 10 ml of double-strength SDS sample buffer containing 5% 2-mercaptoethanol and separated on 9% SDS-PAGE gels in which the acrylamide:bisacrylamide ratio in the separation gel was 100:1. Separated proteins were transblotted to Immobilon-P (Millipore, Bedford, MA) membranes using a tank-buffer apparatus (200 mA, 1 h). Blots were incubated in 10% teleost gelatin (Sigma-Aldrich Chemie Gmbh) dissolved in 0.05% Tween-20 in Tris-buffered saline (pH 7.4; TTBS) for 1 h before development with anti-ERK1 antibody (sc-94, 1:1000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), followed by secondary anti-rabbit, horse radish peroxidase-linked immunoglobulin (1:5000; Amersham Pharmacia Biotech, Freiburg, Germany); the blots were incubated with each antibody for 1 h at room temperature. The blots were then washed at least five times for at least 10 min each wash in TTBS, then developed with an enhanced chemiluminescence kit (Amersham) according to the manufacturer's instructions.
Statistical Analysis
In the GVBD assay and the microinjection experiment, each experiment was performed at least three times. Data from three replicates were pooled and analyzed by chi-square test. Results were considered to be statistically significant at P Ͻ 0.05. Percentage data in the text are shown as the mean Ϯ SEM.
RESULTS
Pharmacological Inhibitors on FF-MAS-Induced and Spontaneous GVBD
It has previously been demonstrated that FF-MAS-induced GVBD, but not spontaneous GVBD, is sensitive to cholera toxin [15] , suggesting a role of G proteins in the signal transduction mechanism of FF-MAS. To explore further the role of G proteins, pertussis toxin was applied to maturing oocytes that were allowed to mature spontaneously or induced by FF-MAS. When pertussis toxin was applied, no effect was observed in %GVBD in HxϩFF-MAS-cultured oocytes compared to the HxϩFF-MAS control group (86.3% Ϯ 1.6% vs. 86.2% Ϯ 1.7%) or in spontaneously maturing oocytes compared to the Hx-free control group (91.0% Ϯ 0.8% vs. 90.97percnt; Ϯ 1.2%) ( Table  1) .
Because cGMP can delay spontaneous maturation in rat oocytes [27] and the cAMP:cGMP ratio increases before oocyte maturation [28] , we explored possible roles of cGMP by using dbcGMP and the fairly specific inhibitor of PDE5, zaprinast, which is a PDE5 antagonist in somatic cells [29] . When dbcGMP was added to HxϩFF-MAS-cultured oocytes, %GVBD was significantly lower than in the HxϩFF-MAS control group (21.9% Ϯ 8.0% vs. 82.4% Ϯ 5.1%) ( Table 1) . When oocytes were preincubated with dbcGMP for 4 h in Hx medium and then transferred to Hxfree medium containing dbcGMP, the percentage of spontaneous GVBD was not lower than in the Hx-free control group (84.8% Ϯ 2.6% vs. 91.3% Ϯ 3.3%) ( Table 1) . When zaprinast was added to HxϩFF-MAS-treated oocytes, the %GVBD was significantly lower than in the HxϩFF-MAS control (19.3% Ϯ 4.8% vs. 86.9% Ϯ 3.4%) ( Table 1) . When spontaneously maturing oocytes were preincubated with zaprinast for 2 h in Hx medium and then transferred to Hxfree medium containing zaprinast, a significantly lower %GVBD was observed than in the Hx-free control group (19.7% Ϯ 2.0% vs. 90.5% Ϯ 2.9%) ( Table 1) .
In oocytes, maternal mRNA translation is regulated largely by cytoplasmic polyadenylation. Activation of MPF requires cytoplasmic polyadenylation [30] , a process that can be inhibited by cordycepin [31] [32] [33] . Therefore, the sensitivity of FF-MAS-induced and spontaneous GVBD to the inhibitor of cytoplasmic polyadenylation, cordycepin, was assessed, and a modest decrease in %GVBD was found when cordycepin was added to HxϩFF-MAS-cultured oocytes compared to the HxϩFF-MAS control group (72.5% Ϯ 3.8% vs. 88.4% Ϯ 2.6%), whereas in spontaneously maturing oocytes, %GVBD was significantly lowered by cordycepin (23.1% Ϯ 7.2% vs. 93.8% Ϯ 0.8%) ( Table 1) . Thus, the sensitivity to cordycepin was significantly different between spontaneous and FF-MAS-induced maturation.
We also wanted to explore the role of MPF and MAPK in oocyte maturation. Olomoucine inhibits or retards the prophase-to-metaphase I transition in oocytes of several species, including the mouse [34] , by targeting histone H1 kinase [35, 36] . Therefore, olomoucine was used to elucidate possible differences in the involvement of histone H1 kinase during spontaneous and FF-MAS-induced GVBD. When olomoucine was added to HxϩFF-MAS-cultured oocytes, %GVBD was only slightly lower than in the HxϩFF-MAS control group (73.6% Ϯ 6.9% vs. 88.1% Ϯ 2.9%). Spontaneous %GVBD, however, was significantly different from that in the Hx-free control group when olomoucine was added to the culture (51.3% Ϯ 10.4% vs. 88.4% Ϯ 1.8%) ( Table 1) . When oocytes were preincubated in Hx medium with an inhibitor of MAPK activation, PD 98059, for 2 h and then transferred to HxϩFF-MAS and PD 98059 for 20 h of in vitro culture, the %GVBD was significantly Table 2 ). Thus, the sensitivity to the MAPK inhibitor PD 98059 was high in the FF-MAS-induced maturation, whereas no effect was seen in spontaneous maturation. Because inhibition of phosphoinositol metabolism blocks FSH-induced resumption of meiosis [37] , we tested the ability of the inhibitor of phospholipase C, U-73122, to inhibit GVBD. We found that FF-MAS-induced GVBD was sensitive to this inhibitor (14.6% Ϯ 10.4% vs. 76.0% Ϯ 3.6%), whereas spontaneous GVBD was not (78.7% Ϯ 0.6% vs. 83.7% Ϯ 3.2%) ( Table 1 ). In contrast, the weak analogue U 73343 did not inhibit either FF-MAS-induced or spontaneous GVBD at concentrations that had toxic effects on the oocytes.
The protein p21 ras is an upstream activator of MAPK in Xenopus oocytes [38, 39] , in which it can induce meiotic maturation [40] , so we tested the influence of the inhibitor of p21 ras , lovastatine, on FF-MAS-induced and spontaneous GVBD. When denuded oocytes were preincubated with lovastatine for 4 h in Hx medium and then exposed to HxϩFF-MAS and lovastatine for 20 h, %GVBD was significantly lower than in the HxϩFF-MAS control group (18.7% Ϯ 6.1% vs. 82.3% Ϯ 3.1%) ( Table 1) . When oocytes were transferred to Hx-free medium and lovastatine and then cultured in vitro for 20 h after 4 h of preincubation in Hx medium with lovastatine, no difference in %GVBD was observed compared to the Hx-free control group (84.3% Ϯ 4.3% vs. 92.7% Ϯ 1.9%) ( Table 1) . Again, these results suggest involvement of an MAPK-activated pathway in FF-MAS-induced maturation, in contrast to spontaneous maturation.
In somatic cells, src-like kinase has been demonstrated recently to act downstream from the G protein ␤␥ subunit and to play an important role in relaying signals from the G protein-coupled receptor (GPCR) to MAPK [41, 42] . We used the inhibitor of src-like kinase, PP2, to test the possibility that src-like kinase has a role in signal transduction in oocytes. When oocytes were preincubated for 2 h with PP2 in Hx medium and then exposed to HxϩFF-MAS and PP2 for 20 h of in vitro culture, %GVBD was significantly lower than in the HxϩFF-MAS control group (26.9% Ϯ 2.9% vs. 80.6% Ϯ 4.1%) ( Table 2 ). When oocytes were transferred to Hx-free medium and PP2 after 2 h of preincubation in Hx medium with PP2, no significant difference in %GVBD was observed compared to the Hx-free control (70.94% Ϯ 8.6% vs. 81.9% Ϯ 2.8%) ( Table 2 ).
Microinjection of the Catalytic Subunit of PKA on GVBD in Spontaneous and FF-MAS-induced GVBD
Microinjection of oocytes with 0.22 U/l of the catalytic subunit of PKA inhibited resumption of spontaneous GVBD in 18 of 22 oocytes (18% GVBD), compared to 2 of 62 oocytes (97% GVBD) in the spontaneous control group. In contrast, no inhibition was observed in FF-MASinduced maturation when 0.22, 0.44, or 0.66 U/l were injected (100%, 82%, and 83% GVBD, respectively) ( Table  3) . Thus, the catalytic subunit of PKA could significantly inhibit spontaneous oocyte maturation, whereas FF-MASinduced maturation was unaffected.
MAPK Phosphorylation in Spontaneous and FF-MAS-Induced GVBD
In spontaneously maturing oocytes, phosphorylation of p42 and p44 MAPK occurred 2 h after GVBD (Fig. 1a , lane 6) and remained phosphorylated 2 and 4 h after GVBD (Fig. 1b, lanes 3 and 4) and at metaphase II (Fig. 1a, lane  10) , as observed by a mobility shift of p42 and p44 MAPK. In FF-MAS-induced GVBD, phosphorylation of p42 and p44 MAPK occurred concomitant with GVBD (Fig. 1a,  lanes 7-9) . In oocytes cultured for 2 and 4 h after the GVBD stage and in metaphase II oocytes, p42 and p44 MAPK were fully phosphorylated in both spontaneous (Fig. 1b, lanes 3, 4, and 11 ) and FF-MAS-induced meiotic resumption (Fig. 1b, lanes 5-10) . Thus, MAPK phosphorylation occurred during FF-MAS-induced resumption of meiosis, in contrast to spontaneous maturation, in which MAPK phosphorylation occurred as a clear, post-GVBD event.
FIG. 1. MAPK phosphorylation in FF-MAS-induced and spontaneous
GVBD in denuded mouse oocytes. In FF-MAS-induced GVBD, phosphorylation of p42 and p44 MAPK occurred during GVBD (a, lanes 7-9) as observed by a mobility shift of p42/p44 and remained phosphorylated 2 h (b, lanes 5, 7, and 9) and 4 h after GVBD (b, lanes 6, 8, and 10) and at M-II (b, lane 12). In spontaneously maturing oocytes, no phosphorylation of p42 and p44 MAPK occurred at GVBD (b, lane 2), whereas phosphorylation of p42 and p44 MAPK occurred 2 h after GVBD (b, lane 3) and remained phosphorylated 4 h after GVBD (b, lane 4) and at metaphase II (b, lane 11). K0 GV, 0 h GV-stage oocytes; K4sp GV, GV-stage oocytes after 4 h culture in Hx-free medium; 8h, 10h, and 12h MAS GV, GV-stage oocytes cultured for 8, 10, and 12 h, respectively, in HxϩFF-MAS; Spon GVBD, GVBD-stage oocytes cultured in Hx-free medium; 8h, 10h, and 12h MAS GVBD, oocytes in GVBD stage at 8, 10, and 12 h, respectively, after culture in HxϩFF-MAS; Spon M-II, oocytes cultured to metaphase II in Hx-free medium; MAS M-II, oocytes cultured to metaphase II in HxϩFF-MAS; Spon GVBD ϩ2h and ϩ4h, GVBD-stage oocytes cultured for an additional 2 and 4 h, respectively, after GVBD in Hx-free medium; MAS 8h, 10h, and 12h GVBD ϩ2h and ϩ4h, GVBD-stage oocytes at 8, 10, and 12 h cultured for an additional 2 and 4 h, respectively, in HxϩFF-MAS. 
DISCUSSION
In the present study, clear and distinct differences were observed in the signaling pathway of FF-MAS-induced meiotic resumption compared to spontaneous resumption of meiosis in denuded mouse oocytes. We wanted to observe and detail whether FF-MAS-induced maturation and spontaneous GVBD make use of the same signaling pathway or whether discrepancies could be found.
We previously demonstrated that FF-MAS-induced, but not spontaneous, GVBD is sensitive to cholera toxin [15] , suggesting a role of G proteins in the signal transduction mechanism of FF-MAS. Because the intraoocyte cAMP level decreases during spontaneous GVBD, FF-MAS could possibly induce GVBD by a similar mechanism through a pertussis toxin-sensitive GPCR. Pertussis toxin catalyzes the ADP ribolysation of inhibitory G protein (G i protein), thus uncoupling the receptor from the G i protein. Hence, pertussis toxin would be expected to block FF-MAS-induced meiotic resumption if FF-MAS mediates its effect through adenylate cyclase. Our results suggest that, if FF-MAS acts through a receptor linked to a G protein, it is probably not a pertussis toxin-sensitive G protein.
It has been demonstrated that cGMP can delay spontaneous maturation in rat oocytes [27] , and that the cAMP: cGMP ratio increases before oocyte maturation [28] . We explored possible roles of cGMP by using dbcGMP and the fairly specific inhibitor of PDE5, zaprinast, which is a PDE5 antagonist in somatic cells [29] . In somatic cells, the biological effect of cGMP may be mediated through the competitive inhibition of PDE3 [43] , leading to an increased cAMP level [44] . That GVBD induced by FF-MAS was inhibited by dbcGMP, whereas spontaneous GVBD was not, may reflect that FF-MAS-maturing oocytes, because they are cultured in the presence of hypoxanthine, are more sensitive to an elevation in the intraoocyte cAMP level than spontaneously maturing oocytes cultured without hypoxanthine. Previously, an inhibitory effect on oocyte maturation of zaprinast has been found only at a very high concentration (median inhibitory concentration [IC 50 ], 200 M), with the effect being attributed to an unspecific action of zaprinast [45] . In our studies, both spontaneous and FF-MAS-induced GVBD were equally sensitive to zaprinast at the lower concentration of 50 M. This leads us to conclude that cGMP may inhibit a step leading to GVBD that is common to both spontaneous and FF-MAS-induced maturation. Zaprinast may be more efficient than dbcGMP in producing the required local elevation of cGMP needed to inhibit GVBD. Many questions concerning the role of cGMP in resumption of meiosis remain to be answered, and further studies are required to establish whether a zaprinastsensitive cGMP-PDE is actually expressed in the oocyte and, if so, to establish its possible role in GVBD.
The data presented here suggest that both FF-MAS-induced and spontaneous GVBD are sensitive to changes in intraoocyte levels of cAMP, but not to the same extent, possibly because of the presence of hypoxanthine in the culture medium of FF-MAS-matured oocytes. To explore the participation of PKA in FF-MAS-induced GVBD, hypoxanthine-arrested oocytes were microinjected with the catalytic subunit of PKA and allowed to undergo spontaneous or FF-MAS-induced GVBD. We found, in accordance with previous results, that spontaneously maturing oocytes were inhibited by injection of the catalytic subunit of PKA [46] , whereas FF-MAS-induced GVBD was not blocked by the catalytic subunit of PKA. These data suggest that the signaling pathway of FF-MAS-induced GVBD diverges from that of spontaneous GVBD downstream of cAMP but upstream of PKA. If cAMP is not involved in the FF-MAS signaling, then our results may reflect a modulation of a cAMP/PKA-dependent inhibitory principle in the resumption of meiosis. Then, FF-MAS may act through a signaling cascade independent of the inhibitory cascade, with the two cascades converging at a later point (e.g., at the level of MPF activation).
Maternal mRNA translation is regulated largely by cytoplasmic polyadenylation. Activation of MPF requires cytoplasmic polyadenylation [30] , a process that can be inhibited by cordycepin [31] [32] [33] . We found that spontaneous GVBD was sensitive to cordycepin, which is in accordance with the findings of Osborn and Moor [47] in ovine oocytes. In contrast, FF-MAS-induced GVBD was only slightly modulated by cordycepin. These data further sup-port the hypothesis that FF-MAS-mediated and spontaneous GVBD are regulated differently.
Olomoucine was used explore the role of MPF activation in FF-MAS-induced GVBD, because it targets histone H1 kinase [35, 36] . Olomoucine inhibits or retards the prophase-to-metaphase I transition in oocytes of several species, including the mouse [34] . Accordingly, we found that olomoucine, albeit at a very high concentration, reduced the rate of spontaneous GVBD by 36%, whereas the rate of FF-MAS-induced GVBD was reduced by 14%. Olomoucine is a selective inhibitor of cdc and cdk protein kinases in the range of 3-7 M, with an IC 50 of 7 M for p34 cdc2 / cyclin B and of 25 M for p44 MAPK and no significant effect on other protein kinases at 1 mM [34] [35] [36] 48] (Table  4) . Despite the high concentration of olomoucine, the effect is unlikely to be due to p42 MAPK inhibition, because the PD 98059 trial does not have the same profile as the olomoucine trial.
Activation of MAPK during meiotic resumption has been established in oocytes from several species, including the mouse, pig, and cow [23, 49, 50] . That FF-MAS was less sensitive than spontaneously maturing oocytes to olomoucine led us to test the role of MAPK in FF-MAS-induced GVBD, because MAPK and MPF have previously been demonstrated to display substrate overlap [51] . Our observations in the PD 98059 trial showed that activation of MAPK is a prerequisite for FF-MAS-induced resumption of meiosis, whereas spontaneous GVBD can occur in an MAPK-independent way. Mos knock-out female mice have very reduced fertility [52, 53] . In vitro, oocytes from cmos-deficient mice can complete first meiotic division but fail to arrest at metaphase II, resulting in a substantial decrease in the fertilization rate [52, 53] . Additionally, abnormal spindles and loosely condensed chromosomes have been observed in mos-deficient oocytes [54] . These results suggest that mos/MAPK mediate crucial events following GVBD; however, these events are not a prerequisite to spontaneous, in contrast to FF-MAS-induced, GVBD. The earlier activation of MAPK in FF-MAS-matured oocytes compared to spontaneous GVBD may lead to a more developmentally competent oocyte and, thus, account for the higher in vitro fertilization rate observed in FF-MAS-treated compared to spontaneously matured oocytes [55] . This apparent paradox-FF-MAS signaling is mediated through MAPK activation, whereas mos-deficient oocytes can resume meiosis in vivo without MAPK activation-may be explained by the existence of different signal transduction pathways in the oocyte leading to GVBD. In 3-isobutyl-1-methylxanthine-arrested mouse oocytes, overexpression of c-mos or MAPK in the absence of MPF leads to a prolonged meiosis I, with localized nuclear envelope disassembly, partial chromosome condensation, and formation of microtubule arrays [56] . This study suggests that, although activation of MAPK appears to be essential in FF-MASmediated resumption of meiosis, MPF must be activated at the same time or subsequent to MAPK activation to secure normal progression of meiosis. Because the role of mos/ MAPK has been attributed to regulation of spindle assembly and/or function [23, 57, 58] , it is interesting that the number of small, cytoplasmic, aster-like microtubular aggregates was significantly elevated in FF-MAS-matured metaphase I mouse oocytes compared to spontaneously matured oocytes [26] .
In somatic cells, activation of certain GPCR can stimulate MAPK through a ras-and raf-dependent pathway [59, 60] in which phosphoinositide 3 kinase is also involved [61] . Recently, it was demonstrated that inhibition of the phosphoinositide metabolism inhibited FSH-induced, but not spontaneous, meiotic resumption in mouse oocytes [37] . In accordance with these results, we found that inhibition of phospholipase C blocked FF-MAS-induced, but not spontaneous, meiotic resumption. Because U-73122, an inhibitor of phospholipase C, can inhibit signaling through known G protein-coupled receptors, its action may indicate such a signaling pathway involved in FF-MAS-induced resumption of meiosis. Previously, p21 ras has been shown to act as an upstream activator of MAPK in Xenopus laevis oocytes [38, 39] and to induce meiotic maturation in this species [40, 62] . In accordance with these findings, we found that FF-MAS-induced GVBD is sensitive to inhibition of p21 ras and to inhibition of phosphoinositide hydrolysis. In somatic cells, src-like kinase has been demonstrated recently to act downstream from the G protein ␤␥ subunit and to play an important role in relaying signals from GPCR to MAPK [41, 42] . An inhibitor of src-like kinases, PP2, was able to inhibit FF-MAS-induced, but not spontaneous, GVBD, indicating that src-like tyrosine kinase is involved in the postreceptor signaling mechanism of FF-MAS, but not in spontaneous GVBD.
We show in the present study that FF-MAS acts through an MAPK-dependent pathway, and we suggest that src-like kinase, p21 ras , and phosphoinositide signaling lie upstream of MAPK in the FF-MAS-activated signaling pathway. All the steps appear to be necessary, because inhibition of one can completely block the pathway. However, a conclusion as to whether the steps are activated sequentially or in parallel pathways cannot be drawn from the data presented. Lack of target specificity of some of the inhibitors used makes it difficult to identify the precise signaling processes involved in the action of FF-MAS on meiotic resumption. However, striking pathway differences clearly are present between spontaneous versus FF-MAS-induced resumption of oocyte meiosis.
